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ABSTRACT

The Big Four Springs region hosts four major first-order magnitude springs in southern Missouri
and northern Arkansas. These springs are Big Spring (Carter County, MO), Greer Spring
(Oregon County, MO), Mammoth Spring (Fulton County, AR), and Hodgson Mill Spring (Ozark
County, MO). Based on historic dye traces and hydrogeological investigations, these springs
drain an area of approximately 1500 square miles and collectively discharge an average of 780
million gallons of water per day. The rocks from youngest to oldest that are found in Big Four
Springs region are the Cotter and Jefferson City Dolomite (Ordovician), Roubidoux Formation
(Ordovician), Gasconade Dolomite (Ordovician), and the Eminence Dolomite (Cambrian).

The objectives of this study were to (1) establish the baseline geochemistry data of the Big Four
Springs, providing insight on water-quality conditions, (2) Investigate calcite and dolomite
saturation of the Big Four Springs and determine water type, (3) Determine whether the spring
chemistries are significantly different from each other using a multivariate statistical approach.

The geochemical evaluation was completed using geochemical software (PHREEQC and

GW_ Chart). Groundwater samples from the Big Four Springs were undersaturated with respect
to calcite and dolomite. The predominant water type of the study area is magnesium-calcium-
bicarbonate. The statistical analysis revealed that the chemistries at each spring site are
significantly different from each other. The linear discriminant analysis in SAS 9.4 classified 100
percent of randomly selected groundwater samples from the study area to their respective spring
locations. The statistical analysis provides insight into the independent recharge areas of the Big
Four Spring Region.

KEYWORDS: karst, springs, geochemistry, groundwater, water quality, linear discriminant
function analysis
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INTRODUCTION

The Ozark aquifer is an important source of water in south-central Missouri. The water
from the Ozark aquifer discharges from many karst springs in the Salem Plateau. South-central
Missouri is home to more than 1,100 springs that range from small seeps and fens to first order
magnitude springs (Vineyard and Feder, 1974). Springs are classified as first order-magnitude
when discharge rates are greater than or equal to 100 cubic feet per second (Vineyard and Feder,
1974). As plans for future development in the area are being considered, studies on significant
water resources have been a major focus for the state of Missouri.

This study is significant to Missouri residents and everyone who utilizes the Ozark
aquifer in the region because it provides information about sources that influence the water
quality. The data evaluated in this project provide a better understanding of the relationship

between agricultural land use, regional geology, and the geochemical characteristics of the water
discharging from each of the Big Four Springs. The Big Four Springs are Big Spring (Carter

County, MO), Greer Spring (Oregon County, MO), Mammoth Spring (Fulton County, AR), and
Hodgson Mill Spring (Ozark County, MO). Additionally, the major springs studied in this
project provide significant amounts of recharge to rivers in the Ozark National Scenic Riverways

and other locally important streams that bring people from across the United States to fish,

kayak, and hike.

Karst
Karst is a term used to describe a terrain characterized by distinct landforms such as

sinking streams, sinkholes, caves, and springs within soluble bedrock (Figure 1). The study area



is underlain by dolomite with some interbedded sandstones and limestone. Limestone is mostly
composed of the mineral calcite (CaCO3), whereas dolomite rocks are composed of the mineral
dolomite (MgCa(COs3)2). The dissolution of limestone and dolostone occurs when these rocks are
exposed to mildly acidic waters (Drever, 1982). Carbonic acid is most associated with the
dissolution of carbonate rocks as it forms from the hydration of atmospheric CO> gas during
precipitation events (Ford and Williams, 2007). Carbonic acid can also form from water mixing
with soil CO; gas sourced from the respiration of plant root systems (Drever, 1982).

Karst Features. Sinking streams, sinkholes, and caves are common karst features. These
features can be hydrologically connected, as surface streams flow into sinkholes and continue to
flow through underground cave systems. Cave systems in the Missouri Ozarks have the potential
for transporting large volumes of water (Schumacher and Kleeschulte, 2010). These karst
features are important for aquifer recharge and are highly susceptible to contamination as little
natural filtration is done to the recharge waters. Conduit flow occurs where groundwater moves
quickly, recharging the aquifer through sinkholes, fractures, and caves. Recharge also occurs
diffusely in the study area, as water moves through soil and bedrock-matrix porosity
(Schumacher and Kleeschulte, 2010).

Karst springs are commonly found in the Missouri Ozarks. They can range in size from
small seeps to large pools which can develop into spring-fed lakes or spring-fed rivers (i.e.
Spring River, AR and Mammoth Spring State Park, AR). These features provide useful
information about the characteristics and dynamics of karst aquifers without having to drill

through the bedrock and into the water table.



Aquifer recharge area

Large Spring Swallow
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Figure 1: Illustration of karst geology and hydrology in the Ozarks (Watershed Committee of
the Ozarks, 2017).
Geochemistry

Geochemical analysis of spring water has been widely used to study the characteristics
and evolution of groundwater in karst systems. As it flows along a channel, it erodes rock and
reacts with organic matter. These mechanisms for the transfer of solid and gaseous components
are essential factors in determining the composition of groundwater (Hem, 1985).

The dissolution of carbonate rocks is the primary source of dissolved ions found in karst

groundwater (Drever, 1982; Newell and others, 2008). Commonly studied ions in groundwater



include calcium (Ca*"), magnesium (Mg*"), sodium (Na"), potassium (K"), barium (Ba**), and
zinc (Zn?"). Major anions measured in this study were chloride (CI°), sulfate (SO4*) and N as
NO> + NOs". Ions are supplied to the aquifer via surface water infiltration and groundwater
interaction with the dolomite host rock. Calcium and magnesium concentrations are due to the
groundwater and aquifer rock interaction as acidic waters are dissolving dolomite. Dolomite and
calcite dissolution respectively follow the equations (Drever, 1982):

CaMg(CO3)2 + 2COxaq) + 2H20 = Ca** + (HCO3), + Mg**+ (HCO3)2 (dolomite)

CaCOs + H,0 + CO, = Ca** + 2HCO;™  (calcite)

The concentration of calcite and dolomite that water can dissolve is limited to the amount of
dissolved CO; in a closed system. However, dissolution largely takes place in an open system
since the recharge waters from precipitation receive soil-derived CO» gas and dissolve it into
solution.

As surface waters move underground into the aquifer and out through springs, the water
develops chemical signatures that depict substrates that it has encountered (Shuster and White,
1971). The geochemistry is related to the water-rock interaction that occurs along the flow path
(Hanshaw and Back, 1985). Lockwood (2018) found that springs within relative proximity to

each other can have unique chemical signatures.

Statistics

Statistical analysis of karst groundwater has been used to investigate different chemistries
at spring locations (Jeelani and others, 2011; Lockwood, 2018). Multivariate statistical
techniques, such as linear discriminant function analysis, factor analysis, principal component

analysis, and linear regression analysis, have been useful in identifying origins responsible for



variations in water quality and the grouping of similar components (Michalik, 2008; Nabi and

others, 2009).

Physiographic Provinces of Missouri

There are five principal physiographic regions in Missouri (Figure 2). The Big Four
Springs region is in the Salem Plateau Physiographic Province. The Salem Plateau encompasses
an area of approximately 24,800 square miles (Figure 2). The Salem Plateau is one of the most
significant groundwater provinces of the five in Missouri, providing much of south-central
Missouri’s groundwater. The St. Francois aquifer underlays the Ozark aquifer and is another
significant aquifer in the Salem Plateau. However, most of the water within the study area is
taken from the shallower more prolific Ozark aquifer. Of the two major aquifers, the Ozark
aquifer is the most widespread and most widely used. The Ozark aquifer is approximately 800 to
1,000 feet thick, but can reach thicknesses up to approximately 3,000 feet in some locations and

is unconfined in the Salem Plateau (Imes and Emmett, 1994).

Big Four Springs Region

The recharge area of Big Spring, Greer Spring, Mammoth Spring and Hodgson Mill
Spring covers approximately 1,500 square miles. Elevation, county and coordinate data can be
found in Table 1. Together the springs discharge groundwater at a rate of approximately 1,200
cubic feet per second (cfs) or 780 million gallons of water per day. The recharge area of the
springs is referred to as the Big Four Springs Region in this study. The hydrography of the Big
Four Springs Region was first investigated by Doll (1938), followed by widespread dye tracing

investigations beginning with Aley (1972) to further understand groundwater flow of the Big



Four Spring Region. The most recent dye tracing study was completed by Duley and Boswell

(2017) to further delineate the recharge areas of each spring.

Purpose

The primary objective of this project is to evaluate the inorganic chemistry and water
quality as it pertains to human consumption and use for future development of the region. This
project does not evaluate the organic chemistry of the groundwater samples.

The secondary objective was to evaluate the water chemistry data of the Big Four
Springs, classify the water type and determine the degree of calcite and dolomite saturation.

The third objective of this project was to expand previous work by Gouzie (1986) and
Lockwood (2018) using membership probabilities to classify unidentified (blind) spring water
samples to their respective springs. It is hypothesized that there is a significant difference in the
geochemistry of the spring waters at each site, allowing them to be distinguished from each other

using statistical modeling.
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Figure 2: Principle physiographic regions of Missouri. The Big Four region spring sampling
sites are located in the Salem Plateau. Study area is boxed in (black) (Missouri Geological
Survey, 2018).

Table 1: GPS coordinates for each sample site (decimal degrees) and spring elevation.

Spring Name Lat. Long. County Elev. (ft)
Big Spring 36.952242 -90.994290 Carter 433
Greer Spring 36.786605 -91.348640  Oregon 519
Mammoth Spring 36.4497512  -91.535770 Fulton 528

Hodgson Mill Spring 36.709710 -92.266632 Ozark 656




METHODS

Study Area

Big Spring. Big Spring was one of Missouri’s first National Parks and is now part of the
Ozark National Scenic Riverways located in Carter County. Missouri donated Big, Alley, and
Round Spring State Parks to the National Park Service which became part of the Ozark National
Scenic Riverways. Big Spring is the largest spring in the Ozark Plateau Region. Discharge
averages about 478 cfs with an estimated recharge area of approximately 423 square miles to the
west. Big Spring is stratigraphically situated near the base of the Ozark Aquifer (Figure 3).

Greer Spring. Greer Spring is in Oregon County, Missouri (Figure 4). Greer Spring is
the second largest spring in Missouri and the third largest in the Ozarks. Greer Spring discharges
369 cfs at base flow, with an estimated recharge area of 344 square miles located to the north-
west. There are two spring outlets at this spring site. The upper spring outlet was studied in this
investigation.

Mammoth Spring. Mammoth Spring, located in Fulton County, Arkansas is the third
largest spring in the Ozarks and the largest spring in Arkansas (Figure 5). Mammoth Spring has
an average flow rate of approximately 351 cfs with an estimated recharge area of approximately
348 square miles located to the northwest (Duley and Boswell, 2017). The spring water forms a
10-acre lake, then flows over a dam forming the Spring River.

Hodgson Mill Spring. Hodgson Mill Spring is in Ozark County, Missouri,
approximately 100 miles southeast of Springfield, Missouri (Figure 6). The average discharge
from Hodgson Mill Spring is 36.4 cfs. It has an estimated recharge area of approximately 15

square miles, located to the northwest of the Bryant Creek watershed. Hodgson Mill Spring is



part of the Rainbow and North Fork Spring complex; their combined flow rate is in excess of
200 cfs. Dye tracesestablished the connectivity of the three springs (Duley and Bowell, 2017).

Geology. The surface bedrock of the study area in the Salem Plateau includes, in
descending order, the Cotter and Jefferson City Dolomites (undifferentiated), Roubidoux
Formation, the Gasconade Dolomite, and the Eminence Dolomite (Figure 7). The rocks of the
Salem Plateau are comprised predominantly of Ordovician to Cambrian aged fractured
dolomites, limestones, and shales. Cave and sinkhole distribution occurs mostly parallel to sub-
parallel to bedding planes with higher densities of caves occurring at the Roubidoux Formation-
Gasconade Dolomite contact and the Gasconade Dolomite-Eminence Dolomite contact (Lowell
and others, 2010).

Cotter And Jefferson City Dolomite (Lower-Ordivician). The Cotter and Jefferson City

Dolomite formations are undifferentiated in many parts of the Ozarks due to limited bedrock
exposure. These dolomites are the host rock for Mammoth Spring (Figure 7). These formations
consist of buff colored dolomite, medium to fine-grained sandstone, with white chert nodules
(Hedden, 1968; Weary and others, 2014). Both the Cotter and Jefferson City Dolomites are
sparsely fossiliferous. The combined thickness of both formations is approximately 400 feet. The
Cotter and Jefferson City Dolomites have relatively lower hydraulic conductivities compared to
the underlying dolomites. Shallow wells in the Cotter and Jefferson City dolomites yield less
than 25 gallons per minute (Table 2) (Imes and Emmett, 1994). Most wells in the region
penetrate deeper into the Ozark Aquifer until they reach the underlying dolomite Roubidoux
Formation (Duley and Boswell, 2017).

Roubidoux Formation (lower-Ordovician). The Roubidoux Formation is a principal

water-bearing formation in the study area. This is due to its increased thickness and permeability



compared to other formations in the region (Imes and Emmett, 1994). Wells reaching the
Roubidoux formation have been reported to yield 30 to 50 gallons per minute on average and can
reach 150-600 gallons per minute of water from the Ozark aquifer of the Salem Plateau in some
areas (Table 2) (Imes and Emmett, 1994). The lower-Ordovician Roubidoux Formation is
approximately 250 ft thick, consisting of loosely to well-cemented, poorly sorted sandstone,
dolomite, sandy dolomite, and chert (Weary and others, 2014). The Roubidoux Formation makes
up a significant portion of the river-cut valleys in south-central Missouri.

Gasconade Dolomite (Lower-Ordovician). The Gasconade Dolomite has been known to

yield 75 gallons of water per minute on average and greater (Duley and Boswell, 2017). This
significant water-bearing formation of the Ozark Aquifer is the host rock for Hodgson Mill
Spring and Greer Spring (Figure 7) (Table 2). The upper-Gasconade Dolomite is medium to
coarse-grained thickly-bedded, vuggy and light gray (Weary and others, 2014). The middle
member contains fine to coarse grained, light-gray, dolomite with white to light-gray chert
nodules (Weary and others, 2014). The lower Gasconade member contains a layer known as the
Gunter Sandstone Member which consists of a loosely cemented sandstone and sandy dolomite
with orthoquartzite interbedded with gray to tan, finely-grained, dolomite (Thompson, 1991;
Imes and Emmett, 1994). The entire Gasconade Dolomite ranges about 150 to 300 feet in
thickness (Weary and others, 2014).

Eminence And Potosi Dolomites (Upper-Cambrian). Big Spring is located within the

Eminence Dolomite (Figure 7) (Duley and Boswell, 2017). The Eminence Dolomite is the basal
formation of the Ozark aquifer and is undifferentiated with the Potosi Dolomite (Imes and
Emmett, 1994). Together, these formations are approximately 400 feet thick in the Salem

Plateau. Both dolomite formations are lithologically similar. However, in parts of the Missouri
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Ozarks, where the Potosi is differentiated from the Eminence, it is highly permeable due to
interconnected vugs and solution channel systems (Imes and Emmett, 1994). Although the
Eminence and Potosi Dolomites are generally permeable they are less permeable and less

interconnected within the study area (Table 2) (Imes and Emmett, 1994).

Hydrology. The Ozark aquifer recharges largely from precipitation onto the Salem
Plateau. The groundwater of the Ozark aquifer of the Salem Plateau is strongly influenced by the
topographic features in the region (Figure 8) (Imes and Emmett, 1994). The altitude of the
potentiometric surface ranges from approximately 200 ft to 1450 ft above sea level. Groundwater
movement in this area is generally correlated to the regional topographic features. Past dye
tracing injection points are in topographic and potentiometric highs. Groundwater flows towards
the topographic low and potentiometric lows discharging at springs and into major rivers. During
low-flow conditions, Big Spring contributes more than 30 % of water to the Current River (Hays
and others, 2016). The incision of the Current River exposes the Eminence and Potosi Dolomite
Formation, producing relatively steep bluffs with mountainous topography and local relief of
hundreds of feet (Lowell and others, 2010). Greer Spring discharges into the Eleven Point River.
The incision of the Eleven Point River exposes bluffs of the Gasconade Dolomite Formation and
the Gunter Sandstone. The flow pattern is topographically controlled in this region of the study

arca.

Dye Tracing. Previous work carried out in the Big Four Region used dye tracing
techniques to understand how sinking streams and springs were connected, which established the
geohydrology of the region (Aley 1975; Vandike, 1979; Mugel and others, 2009). The latest

publication (Duley and Boswell, 2017) further delineated the Big Four Region and established a

11



more refined recharge region for each of the major springs within the study area. Many legacy
traces were confirmed in addition to new injection locations. It was confirmed that deep
connecting conduits connect the region of the Eleven Point River to Big Spring on the Current
River (Duley and Boswell, 2017). The same connecting conduit system also recharges Greer
Spring. Also, new traces from replicated injection points revealed that the northern part of the
recharge area for Mammoth Spring is shared with Greer Spring (Figure 9). Recent studies from
Duley and Boswell (2017) indicate that Greer Spring and Big Spring share recharge areas.
Recovered traces also demonstrate that flow to Greer Spring mostly occurs through openings that
pass beneath a gaining segment of the Eleven Point River. Hodgson Mill Spring has its own local
recharge area apart from sharing recharge from two other significant springs in relatively close

proximity.

Sample Collection

Ten sampling events were completed during the summer season, from June 2019 through
October 2019. Sample collection was done at the spring orifices of Hodgson Mill Spring,
Mammoth Spring, Greer Spring, and Big Spring. The waters that issue from the study sites
represent the primary water source for private and public use in the region. Water samples were
collected at the spring orifices to minimize the effect of turbulence that would otherwise have
altered the chemistry of the water by the release of COxq) from solution.

Water samples were taken at each sample site following standard operating procedures
(SOP) provided by the Missouri Geological Survey, part of the Missouri Department of Natural
Resources. Five grab samples were collected at each site, all in accordance with scientific

research and collecting permits or guidelines (Big Spring; Permit#: OZAR-0219-SCI-0001,
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Mammoth Spring; Permit 048-2019, Greer Spring; written and verbal approval from the USDA
National Forest Service, and Hodgson Mill Spring; following guidelines located onsite). There
were some challenges when sampling from Mammoth Spring. There was considerable vegetation
and algae that inhabited the waters, about two feet from the bank of spring lake. Any attempt to
collect water by using the standard grab sample technique by hand would introduce bits of algae
if the water were to be disturbed. All samples at Mammoth Spring were collected using a
peristaltic pump and a three meter long Tygon plastic tubing with a weight attached at the end.
This technique provided sampling beyond the vegetation and algae. The spring orifices at Big
Spring, Greer Spring, and Hodgson Mill Spring were easily accessible allowing for the hand-
dipping grab sample technique.

Sampling events at each spring required collecting two 250 mL bottles of water for
chloride and sulfate analysis, one 1000 mL sample preserved with concentrated sulfuric acid for
Nitrogen analysis, and two 500 mL samples preserved with nitric acid for total recoverable and
total dissolved metals. Samples used for total dissolved metals were filtered through 0.45-micron
Whatman filters attached to 100 ml syringes dedicated to each spring location to avoid
contamination. Syringes were rinsed three times using the spring water at each site before water
samples were collected.

Twenty water samples were collected during each sampling event and stored at < 6°C at
Missouri State University. The Missouri Department of Natural Resources, Environmental
Services Program, provided SOP approved Nalgene bottles, concentrated nitric acid,
concentrated sulfuric acid, and laboratory analyses. Water samples were delivered to the lab no
more than two weeks after collection following chain of custody procedures. Results from the

laboratory analysis were received approximately one month after drop-off.

13
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Figure 5: Sample collection site at Mammoth Sprin. Samples collected at thelapproximate
location of the visitors in the photo.

37 < X i :
Figure 6: Sample collection site at Hodgson Mill Spring near the concrete steps left adjacent to
the water wheel.
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L1

Table 2: Generalized hydrogeologic sequence of the Big Four Springs region in the Salem Plateau.

Hydrologic
. . . . Remarks/Well Associated Spring
System Geologic Unit Thlcll;eneetss m Iéﬁ::;z%;: Yield in Classification Orrifice(s) in the
Gallons/Minute Study Area
(gpm)
Fine to medium
Cotter Dolomite 200 (Avg) crystalline cherty
dolomite with
green shale 5to 15 gpm Mammoth Spring
i . laminations and
JeDerlson.Clty 200 (Avg) some thin
olomite sandstone beds
Cherty, sandy 15 to 35 gpm
Roubidoux 170 (Ave) dolomite and where shallow, 50
Formation & dolomitic to 75 where
sandstone; oolitic deeply buried
Orodvician Massively-
bedded, coarse- Hodgson Mill
Upper Gasconade 40 (Ave) crystaline chert- Ozark Aquifer  Spring Greer Spring
free dolomite yields 50 o 75
Very cherty gpm
Lower Gasconade doloimte,
. 250 (Avg) stramatolitic reef
Dolomite )
zones in upper
part
40 to 50 gpm-
normal yield, 200
Gunter Sandtone 25-30 (Avg) Sandstone t0 500 gpm
locally
Medium to coarse
. Eminence grained doloimte  Yields from 75 to . .
Cambrian Dolomite 220 (Ave) with low chert 250 gpm Big Spring

content.
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Laboratory Analysis

Laboratory analyses measured sulfate (SO4"), chloride (CI), N as NO;™ + NOs, total
recoverable metals, and total dissolved metals following standard methods (U.S. EPA., 2015;
Baird and others, 2017). Metals that were evaluated using Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) were: calcium (Ca*"), magnesium (Mg?"), barium (Ba*"),
sodium (Na*), potassium (K*), iron (Fe**), boron (B**), titanium (Ti*"), strontium (Sr**), and
vanadium (V>"). Trace elements analyzed using Inductively Coupled Plasmas Mass
Spectroscopy (ICP-MS) were lead (Pb*"), manganese (Mn*"), and zinc (Zn**). The geochemical

results of total dissolved metals for each sample from each spring are in Appendix A.

Data Analysis

Geochemical Modeling. Laboratory results and field measurements were evaluated
using PHREEQC (Parkhurst and Appelo, 2013). This geochemical software follows an iterative
approach to solve nonlinear algebraic equations such as chemical reactions, charge balance, and
mass balance equations (Bethke, 1996; Thyne, 2007). The minteq.v4 master database was used
to evaluate the spring waters, as it is an EPA-approved database specializing in metals (Thyne,

2007). PHREEQC provided descriptions of the charge balance error (CBE) of each sample.

cations—|anions
— (cations—janions]) w 4
(cations+|anions|)

Charge balance error (USGS, 1989)

The CBE can be positive or negative, which indicates weather the waters had higher
concentrations of cations (+) or anions (-). The CBE is reflective of ion bias and error from the

results of the geochemical analysis.
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PHREEQC was used to determine the degree of saturation of aqueous mineral species

using the equation below:

IAP (ion activity product)
Ksp (solubilityproduct)

Saturation Index (SI) = (Thyne, 2007)

Where the ion activity product (IAP) is actual measured activities in a real solution and the
solubility product (Ksp) is the equilibrium constant for a solid substance dissolving in an
aqueous solution (Thyne, 2007). The saturation index is reported in units of log SI where SI =0
is saturated, SI > 0 is super-saturated, and SI < 0 is under-saturated. Calcite and dolomite
saturation of spring water at each site was evaluated using two different models.

Water classification was determined using GW_Chart (USGS, 2018) and plotting Ca",
Mg?*, Na®, K7, alkalinity, Cl', and SO4* into a piper diagram. The Big Four Springs water type
was compared with other significant springs throughout the Ozarks in Missouri.

Statistical Modeling. IBM SPSS was used to screen the geochemical data to ensure they
comply with assumptions encountered with linear discriminant analyses. The classification
model in this project uses equal sample sizes with no missing data and as a result ignores the test
for homogeneity of variance-covariance. Tests for outliers, normality, and multicollinearity were
ran before the linear discriminant analysis in the classification model.

The factor analysis technique in was used through SPSS Version 24 to modify model one
and use less predictor variables (dependent variables). The factor analysis further evaluates the
predictor variables used in the linear discriminant analysis and identifies factors which reflect
correlations among variables (Tabachnick and Fidell, 2013). This technique is useful in
determining factors (a combination of geochemical variables) that provide the highest percentage

of variance with the least number of independent variables. The Kaiser-Meyer-Olkin (KMO)
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Measure of Sampling Adequacy and the Bartlett’s Test of Sphericity were initial tests to
determine whether the factor analysis could be used (IBM SPSS, 2020).

The DISCRIM procedure utilized in SAS 9.4 was used to create a linear discriminant
analysis model (LDA) to reduce dimensionality among dependent variables of groups, increasing
group separability (Tharwat and others, 2017) and predict group membership. The LDA model
establishes a criterion assuming linear relationships among all dependent variables associated
with each independent variable (spring location). The dependent variables in this case are pH,
temperature, conductivity, alkalinity, Ca®", Mg?*, N as NO2>"+ NOs", SO4*, Na*, and CI".

Of the geochemical variables measured in this project, only ten were used for the
statistical analysis. The chosen dependent variables (DV) were pH, temperature, conductivity,
alkalinity, Ca®*, Mg?*, N as NO> + NOs", SO4*, Na*, and CI". Model one used all ten variables to
test the original model used by Lockwood (2018). Model two used a refined version of model
one that best fits the Big Four Spring data. The dependent variables used in model two were pH,
N as NO» + NO3", Mg?", and Na*.

The DISCRIM procedure was calibrated using 80% of the water samples (32 samples)
from the Big Four Springs before testing the classification criterion. The remaining 20% of the
water samples (8 samples) from the Big Four Springs were used as blind samples to test the
classification criterion. The blind samples were chosen at random using the Microsoft Excel
“Randbetween” function to generate random sample ID numbers. The percent classified output
table determined the accuracy and robustness of the classification (Lockwood, 2018).

The DISCRIM procedure computes the probability of x belonging to group t by applying

the Bayes’ theorem:
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q,fi(x)
f(x)

p(tlx)=

(SAS Institute Inc., 2018)
Where q; is the prior probability of membership in group t, fi(x) is the group specific density
estimate at x from group t and f(x) is the estimated unconditional density at x (SAS Institute Inc.,
2018). The DISCRIM procedure develops a classification criterion (discriminant function) using
a measure of generalized squared distances (SAS Institute Inc., 2018). The DISCRIM procedure
uses the squared Mahalanobis distance equation. The classification criterion is based on within-
group covariance matrices and considers the prior probabilities of each group. The dependent
variables are placed into the classes with the smallest generalized squared distance. The squared

Mahalanobis distance equation is:
2 _ -1
di ()= (x - my)' Vi (x - my)
(SAS Institute Inc., 2018)
Where V= the covariance matrix within group t (S¢) and m is the p-dimensional vector

containing variable means in group t. The group-specified density estimate at x from group t is

given by the equation:

b 1
fe(x) = (2m)"2|V;| "2 exp(—0.5d7 (x))
(SAS Institute Inc., 2018)

The posterior probability of x belonging to a group t is defined using Bayes’ theorem:

q,fi(%)

p(tlx)= SR

(SAS Institute Inc., 2018)
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Where the summation is over all of the groups u. The generalized squared distance from x to

group t is defined as:

D ()= d{(x) + g1(0) + g>(t)
(SAS Institute Inc., 2018)
Where gi (t) = In|S¢ since the within-group covariance matrices are used and g» = -2In(qy) if the
prior probabilities are not all equal or g> = 0 if the prior probabilities are all equal.

The posterior probability of x belonging to group t is equal to:

exp (—0.5D%(x))
Y,exp (—0.5D7(x))

p(tlx) =

(SAS Institute Inc., 2018)
Where —0.5D2(x) are the discriminant scores. Mean discriminant scores are the mean centroids

of the groups that determine how far groups are from each other.
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RESULTS

Chemistry Data

Table 3 summarizes the results from the Missouri Department of Natural Resources water
analysis. The concentration data from each of the Big Four Springs were compared to the U.S.
EPA (2018) drinking water standards. The Maximum Contaminant Level (MCL), Secondary
Drinking Water Regulations (SDWR), and the Drinking Water Advisory standard limits were
compared to the mean, median, minimum, and maximum concentrations of the results to better
understand the water quality. The descriptive statistics of each constituent were also compared
with the State of Missouri Safe Drinking Water Commission standard limits (State of Missouri,
2020). A full list of geochemical concentrations from each water sample at each spring site is in

the appendices section of this report (Appendix A).

Geochemical Evaluation

Calcite And Dolomite Saturation Indices. All the Big Four Springs plotted below the
saturation limits. Saturation index values for calcite ranged from -0.89 to -0.31 for Big Spring, -
1.02 to -0.43 for Greer Spring, -0.63 to -0.29 for Mammoth Spring, and -0.66 to -0.18 for
Hodgson Mill Spring (Table 4). Dolomite saturation appears to reflect similar trends as calcite,
increasing over the sampling period and remaining undersaturated. Dolomite saturation indices
ranged from -1.75 to -0.6 for Big Spring, -2.07 to -0.85 for Greer Spring, -1.24 to -0.56 for

Mammoth Spring, and -1.33 to -0.36 for Hodgson Mill Spring (Table 5).
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Table 3. Descriptive statistics comparing Big Four Spring chemistry.

9¢

. . Temp. Cond. Alk. Ca M Cl Nitrogen Sulfate Na
Sampling locations o PH (usem) (CI;‘gC/S)3’ (mg/L) (mg;gL) (mg/L) (mg/gL) (mg/L) (mg/L)
Big Spring (10 samples)

Mean 16.9 7.3 345 135 37.9 222 1.51 0.57 3.43 1.53
Median 16.5 7.31 358 110 39 23 1.57 0.6 3.7 1.47
Min 14.3 7.06 259 76 30.6 17.5 0.75 0.44 1.75 1.36
Max 19.8 7.38 400 241 40.9 23.7 2.67 0.63 6.16 1.81
Greer Spring (10 samples)

Mean 15.7 7.2 333 116 36.5 21.5 2.32 1.14 3.51 1.66
Median 15.75 7.25 345 122 38.3 23 2.53 1.16 4.07 1.66
Min 13.8 7.05 260 62 28.7 17.5 0.75 1.02 1.75 1.46
Max 16.6 7.4 374 171 40.1 23.7 3.75 1.23 5.8 1.86
Mammoth Spring (10 samples)

Mean 18.94 7.17 429 190 47.92 27.79 3.88 1.4 5.32 2.19
Median 19.35 7.18 435 185 48.1 28.3 3.82 1.38 5.31 2.1
Min 14.5 6.98 389 148 44.4 24.8 3.03 1.1 3.85 1.76
Max 21.4 7.38 470 244 51.7 29.4 4.83 1.64 7.06 2.73
Hodgson Mill Spring (10 samples)

Mean 17.48 7.23 399 189 43.48 24.94 5.19 1.65 5.67 2.27
Median 18.15 7.27 407 192 44.55 26 5.04 1.7 5.52 2.3
Min 13.6 7.07 340 137 37 21 4.58 0.62 4.29 2.1
Max 19.7 7.33 444 251 48.4 26.6 6.67 2.09 7.77 2.46
EPA Standards - 6.5-8.5 - - - - 250 10 500 20

Missouri Water Quality

Standards - 6.5-8.5 - - 250 10 250 -

Lab analysis was completed by the Missouri Geological Survey following standard methods (U.S. EPA., 2018; State of
Missouri, 2020).




Table 3 continued. Descriptive statistics comparing Big Four Spring chemistry.

K Ba Cu Fe Pb Mn Ni Sn Ti Zn \%

Sampling locations (mg/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L)

LT

Big Spring (10 samples)

Mean 0.55 30.5 0.77 2.7 <0.50 <0.50 1.25 2.27 9.77 2.64 <1
Median 0.68 30.7 <0.50 <0.50 <0.50 <0.50 1.1 0.99 9.14 1.75 <1
Min <0.1 28.1 <0.50 <0.50 <0.50 <0.50 0.25 <0.5 <0.5 1.16 <1
Max 1.29 31.9 2.85 148 <0.50 0.95 2.88 10.7 17.6 7.95 1.67
Greer Spring (10 samples)

Mean 1.1 38.7 <0.5 5.7 <0.50 0.5 1.2 1.3 9.23 2.66 <1
Median 1.3 36.7 <0.5 <0.5 <0.50 <0.50 0.95 <0.50 8.52 2.12 <1
Min 0.39 33.7 <0.5 <0.5 <0.50 <0.50 <0.50 <0.50 <0.50 0.88 <1
Max 1.71 64.6 1.49 202 <0.50 <0.50 2.36 8.58 17.2 5.68 2.56
Mammoth Spring (10 samples)

Mean 1.5 39 0.64 6.11 <0.50 1.21 1.52 3.9 12.08 4.75 <1
Median 1.63 36.3 <0.5 1.05  <0.50 1.11 1.45 3.85 12.15 2.68 <1
Min 0.78 32.7 <0.50 <1 <0.50  0.66 <0.5 1.27 <0.5 2.18 <1
Max 2.24 68.8 2.69 41.5 <0.50 1.85 3.2 6.3 22.5 17.8 1.54
Hodgson Mill Spring (10 samples)

Mean 1.49 40.5 <0.50 376 <0.50 <0.50 1.32 1.33 11.19 3.1 1
Median 1.48 41.1 <0.50 <1 <0.50 <0.50 1.1 <0.50 9.89 3.02 <1
Min 0.63 37 <0.50 <1 <0.50 <0.50 <0.50 <0.50 <0.50 2.4 <1
Max 2.24 41.9 0.63 16.7 <0.50 0.78 2.82 8.58 19.6 4.33 2.67
EPA Standards - 2000 1300 300 15 50 - - - 500 -
Missouri Water Quality Standards - 2000 1300 300 15 50 500 -

Lab analysis was completed by the Missouri Geological Survey following standard methods (U. S EPA., 2018 State of
Missouri, 2020).




Table 4: Calcite saturation summary statistics

Springs Mean Median Min Max SD

Big Spring -0.57 -0.59 -0.89 -0.31 0.19
Greer Spring -0.71 -0.70 -1.02 -0.43 0.21
Mammoth Spring -0.40 -0.39 -0.63 -0.29 0.10
Hodgson Mill Spring -0.41 -0.4 -0.66 -0.18 0.16

Table 5: Dolomite saturation summary statistics

Springs Mean Median Min Max SD

Big Spring -1.12 -1.18 -1.75 -0.6 0.37

Greer Spring -1.42 -1.26 -2.07 -0.85 0.44

Mammoth Spring -0.77 -0.75 -1.24 -0.56 0.19

Hodgson Mill Spring -0.83 -0.84 -1.33 -0.36 0.31
Statistical Modeling

Data Screening. A Normal Predicted Probability (P-P) plot (Figure 10) was used to test
for normality. Outliers in the data set were examined by comparing Mahalanobis Distances to
chi-square distributions with ten degrees of freedom which are the number of variables used in
model one. No multivariate outliers were detected in the statistical dataset where P-values for all
variables used in the statistical model is > 0.001 (Appendix B) (Tabachnick and Fidell, 2013).
The assumption test for homogeneity was ignored since this model utilizes equal sample sizes for
each group. The SAS 9.4 DISCRIM procedure protects against multicollinearity checking for
tolerance thus, no formal evaluation is necessary (Tabachnick and Fidell, 2013).

Model One. Results from the calibration cross-validation procedure of model one
predicted that 100% of the calibration water samples from Big Spring, Greer Spring, and 96% of

the samples from Mammoth Spring would be classified correctly and the probability of error is
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low. Hodgson Mill Spring has more error than the other Big Four Springs, with approximately
75% of the spring water samples correctly classified. On all three runs of model one,
approximately 25% of the calibration samples from Hodgson Mill Spring were likely to be
Mammoth Spring water samples. Samples 24 and 25 from the Hodgson Mill Spring calibration
samples have a 99% and 98% posterior probability of being classified as Mammoth Spring
samples, respectively. Mammoth Spring, sample 40, has a 99% posterior probability of being
misclassified as a Greer Spring sample, indicating that the sample closely resembles water
samples similar to Greer Spring. Results regarding the unknown sample classification of model
one showed that 100% of the unknown samples were classified correctly to their spring even
with error present in the model.

Factor Analysis. The KMO statistic is near 1.0, at a value of 0.705 indicating that the
factor analysis is useful with the chemical data. Values less than 0.50 indicates that factor
analysis is likely not very useful with the data provided (IBM SPSS, 2020). The Bartlett’s test is
less than 0.05 (significance level), at 0.000 indicating that the factor analysis is useful with the
data corresponding with the KMO statistic (Table 6). The communalities in Table 7A described
the proportion of variance accounted for in each variable small values in the extraction column
indicate that variables do not fit well with the factor solution and should likely be dropped from
the analysis (IBM SPSS, 2020). An extraction value less than 0.650 was used to reduce the
predictor variables. The extraction limit method suggested that conductivity, nitrogen, Cl, Ca®*,
Mg?*, and Na" are suitable to use in the following classification model. The components in Table
7B corresponds with the variables in the extraction table showing relatively high correlation

values in component one than component two.
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Model Two. Results from the calibration cross-validation of model two indicate changes
in probability classification for Mammoth Spring and Hodgson Mill Spring. Classification error
for Hodgson Mill Spring was reduced from 25% to 12.50% of misclassification potential. In
contrast, Mammoth Spring exhibits an increase in error from 4% to approximately 22%.
Mammoth Spring, sample 33, has an approximate 74% posterior probability that it will be
classified as a Hodgson Mill Spring sample. Sample 40 from Mammoth Spring has a 60%
posterior probability of being misclassified as a Greer Spring sample, a < 1% probability of
being classified as a Hodgson Mill Spring sample, and approximately 39% chance of being
classified as a Mammoth Spring sample. Results regarding the unknown sample classification of
model two revealed that an unknown Mammoth Spring sample was misclassified as a Hodgson
Mill Spring sample. Model two exhibited a decrease in classification accuracy when classifying

unknowns compared to model one.

Normal P-P Plot of Regression Standardized Residual

Dependent Variable: Basin

1.0

0.8

0.4 o

Expected Cum Prob
o

0.2 o®

0o T T T T
0o 0z 04 08 08 1.0

Observed Cum Prob

Figure 10: Normal P-P plot depicting normality of water samples in the classification model.
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Table 6: KMO and Bartlett’s Test suggesting factor analysis is useful with the chemistry data

KMO and Bartlett's Test

Kaiser-Meyer-Olkin measure of sampling adequacy: 0.7
Bartlett's Test of Sphericity:  Approx. Chi-Square 460.05
df 45
Sig. 0

Table 7: Communalities (A) and components (B) results used to determine which variables to
drop and which to keep for model two.

A. Communalities B. Components
Initial Extraction One Two
pH 1 0.6 pH 0.14 -0.76
temp 1 0.48 temp 0.06 0.69
conduct 1 0.95 conduct 0.97 0
alk 1 0.59 alk 0.74 0.2
Cl 1 0.73 Cl 0.65 0.55
SO4 1 0.62 SO4 0.13  0.77
nitrogen 1 0.75 nitrogen 048 0.72
Ca 1 0.91 Ca 0.94 0.12
Mg 1 0.88 Mg 0.94  0.05
Na 1 0.88 Na 0.56 0.75

Extraction Method: Principal Component

Analysis.
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DISCUSSION

Water Quality

All the inorganic components in this project are below the Missouri Drinking Water
Standards that reflect the 2018 U.S EPA Primary Drinking Water Standards and the U.S EPA
Secondary Drinking Water Regulations (Table 3) (State of Missouri, 2020; U.S. EPA, 2018).
Contaminants of major concerns such as arsenic, antimony, mercury, beryllium, boron,
cadmium, chromium, cobalt, molybdenum, selenium, silver and thallium that were analyzed in
this study are below the detection limit of the analysis and do not exceed the safe drinking water
limits (State of Missouri, 2020; U.S. EPA, 2018). These data indicate that the waters collected at
each spring site are safe to use under natural conditions. Caution must be taken when these
waters are used, since the springs are located in mature karst terrains that will allow
contaminants to quickly flow through the subsurface and into the aquifer. Use of water at the
spring sites is currently not allowed for human consumption or development. Sampling activities
were conducted following permits provided with special guidelines. The conductivities of these
springs are well within the freshwater and drinking water ranges, which are between 300 to 800

uS/cm and drinking water 50 to 500 uS/cm respectively (Rusydi, 2018).

Chemical Analysis

Nitrogen (N as NO; + NQOy3’). Nitrate was found to be less than the U.S. EPA maximum
contaminant level (MCL) and the Missouri Water Quality Standards MCL of 10 mg/L (U.S.
EPA., 2018; State of Missouri, 2020;. The highest concentrations of nitrogen are found in

Hodgson Mill Spring compared to the rest of the spring sites, ranging between 1.47 to 2.09
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mg/L. Mammoth Spring had nitrogen levels between 1.1 to 1.64 mg/L. Greer Spring had a lesser
range compared to Mammoth Spring, with nitrogen concentrations ranging between 1.02 to 1.23
mg/L. Big Spring had the lowest range in nitrogen concentration, between 0.44 to 0.63 mg/L.
Excessive nitrate in the water may cause restrictions in oxygen transport in the blood and is more
hazardous to infants which may cause blue baby syndrome. Concentrations at all four study sites
are considered to be natural background levels and are not hazardous to human health
(DeSimone and others, 2009). Nitrogen levels in the Big Four Springs corresponds with National
Water-Quality Assessment Program (NWQAP) studies that were performed on domestic wells in
the Ozarks in Missouri. The NWQAP results measured groundwater from the Ozark aquifer and
determined that nitrogen concentrations were greater than 1 mg/L but less than the U.S EPA
health limit of 10 mg/L (DeSimone and others, 2009). Nitrogen variations can be seen in Figure
11 during the sampling period at each spring site.

Temperature And Conductivity. Greer Spring’s water is the coldest out of the four
springs with water temperature ranging between 13.8 to 16.6 °C. It is also less conductive with
conductivity ranging between 260 to 374 uS/cm. Big Spring had similar temperature to
Mammoth Spring and Hodgson Mill Spring, with a temperature ranging between 14.3 to 19.8
°C. Hodgson Mill Spring is relatively cooler (between 13.6 to 19.7 °C) and less conductive (340
to 444 uS/cm) than Mammoth Spring. Mammoth Spring tends to be the warmest waters of the
four spring sites as well as the most conductive with temperature ranging between 14.5 to 21.4
°C and conductivity ranging between 389 to 470 uS/cm. Conductivity variations can be observed
in Figure 12. Conductivity is almost twice as high at Mammoth Spring and Hodgson Mill Spring
compared to Greer Spring and Big Spring suggesting that the groundwater is in contact with the

aquifer rock longer than Mammoth Spring and Hodgson Mill Spring.
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Alkalinity. Bicarbonate is the dominant species of alkalinity considering that all spring
locations in the Big Four Region were near neutral (pH of 7). Alkalinity titration revealed that
Mammoth Spring and Hodgson Mill Spring have similar alkalinity measurements which ranged
between 148 to 244 mg/L and 137 to 251 mg/L respectively. Big Spring had alkalinity
measurements ranging between 76 to 241 mg/L and Greer Spring with alkalinity measurements
ranging between 62 to 171 mg/L. Big Spring and Greer Spring alkalinity measurements were
typically less than Mammoth Spring and Hodgson Mill Spring. Differences from each spring are
likely linked to residence times within the aquifer. The data suggests that the water from
Mammoth Spring and Hodgson Mill Spring likely spends more time with the aquifer rock
dissolving more dolomite aquifer rock compared to Big Spring and Greer Spring.

Magnesium/Calcium Ratio (Mg?*/Ca**). The Mg?*/Ca®" ratio is an indicator of the
lithological composition of the aquifer matrix (Razowska-Jaworek, 2014). The Mg?/Ca*" ratios
of all four spring are near 1:1, reflecting dolomite dissolution. The Big Four Springs have nearly
similar Mg?*/Ca?" ratios ranging from 0.95 to 0.97. The calculated Mg?*/Ca?" ratios compared
with the geology of the Big Four Springs confirms that the groundwater interacts mostly with the
dolomite formations of the Ozark aquifer. In comparison, Springfield Plateau springs have
average Mg**/Ca*" ratios between 0.05 to 0.07 which is indicative of limestone dissolution of the
aquifer rock (Razowska-Jaworek, 2014). The Big Four Springs waters are considered to have
very hard water and may form deposits on substrates (i.e. glassware, hands, hair, water heaters
and laundry) when the water is heated and evaporated (DeSimone and others, 2009). These
waters are not dangerous at these levels but are unsightly and may cause damage in pipes and

appliances.
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Redox Reactions. The redox state of the groundwater samples collected at all four sites
were classified as oxic. This was determined based on N as NO,” + NOs", Mn?*, Fe*", SO4>" and
historical dissolved oxygen data from the national Water Quality Monitoring Council. Dissolved
oxygen data spans from 1990 until 2019. Concentrations of Mn?" and Fe*" at all sites were less
than 50 ug/L and 100 ug/L limits established by Jurgens and others (2009) (Table 3). All spring
sites had SO4* concentrations that were less than the 250 mg/L MCL per the Missouri Water
Quality Standards (Table 3) and historical mean oxygen levels above 7 mg/L (Big Spring: ~8.5
mg/L, Greer Spring: ~9.3 mg/L, Mammoth Spring: ~7.2 mg/L, and Hodgson Mill Spring: ~8.3
mg/L). (McMahon and Chapelle, 2007).

Mammoth Spring Hydrology. Sappa and others (2014) reported high concentrations of
total dissolved solids, conductivity, magnesium, and calcium ions indicated longer groundwater
residence times. The most recent dye tracing study in the Big Four Springs Region by Duley and
Boswell (2017) reveals dye paths to the Big Four Springs have similar average lengths. This data
coupled with Sappa and others (2014) and Hays and others (2016) geochemical residence time
indicators can provide insight into relative groundwater interaction and relative flow velocity at
each spring site. The relatively high ionic concentrations found in Mammoth Spring and
Hodgson Mill Spring, compared to Big Spring and Greer Spring, are linked to the geologic
formations of the Big Four Springs. Groundwater flow to Mammoth Spring begins at the less-
permeable middle-Ozark aquifer consisting of the Cotter/Jefferson City Dolomite before moving
through the more permeable Roubidoux Formation which was confirmed through dye traces in a
previous study (Imes and Emmett, 1994; Hays and others, 2016). Previous dye tracing studies
completed by Duley and Boswell (2017) revealed that recharge and groundwater flows through

the Roubidoux Formation toward Mammoth Spring (Figure 9). Waters flowing through the
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Cotter/Jefferson City Dolomite and Roubidoux Formation before surfacing at Mammoth Spring
are likely reacting with the host rock for longer time compared to rest of the spring sites.

Hodgson Mill Spring Hydrology. Hodgson Mill Spring likely has similar hydrology to
Mammoth Spring, although recharge waters flow through the Cotter/ Jefferson City and into the
Roubidoux Formation before flowing and surfacing in the upper-Gasconade Dolomite at
Hodgson Mill Spring. Hodgson Mill Spring typically has relatively lower ionic concentrations
compared to Mammoth Spring. This is likely due to recharge flowing into Hodgson Mill Spring
occurring quickly compared to recharge at Mammoth Spring. Dye tracing studies performed by
Duley and Boswell (2017) indicated that dye could be detected approximately one week earlier
at Hodgson Mill Spring opposed to Mammoth Spring at similar dye path distances.

Big Spring Hydrology. The lower ionic concentrations at Big Spring are also linked to
residence times. Recharge typically flows through the Cotter/Jefferson City Dolomite, into the
Roubidoux Formation, and the Gasconade Dolomite before surfacing in the Eminence Dolomite
at Big Spring. Although recharge water enters the water table through the less permeable
Cotter/Jefferson City Dolomite, the area in which recharge occurs for Big Spring has higher cave
densities than Mammoth Spring and Hodgson Mill Spring. The Gasconade Dolomite and the
Eminence Dolomite are known to be highly permeable water bearing strata with large caves
existing within them (Imes and Emmett, 1994; Lowell and others, 2010).

Greer Spring Hydrology. lonic concentrations at Greer Spring tend to be similar to Big
Spring. This is due to similar flow paths through higher cave density and permeable region of the
recharge area for Greer Spring. Recharge occurs similarly to Big Spring. Recharge waters move

through the cave dense section of the Cotter/Jefferson City Dolomite in the Greer Spring
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recharge area. Water rapidly continues to flow into the Roubidoux Formation before surfacing at

the lower-Gasconade Dolomite.

Groundwater Classification

Water samples collected from the Big Four Springs are classified as calcium-magnesium-
bicarbonate water type. This is consistent with other springs located in the Salem Plateau and is
what would be expected of water from the Ozark Aquifer discharging from dolomite formations.
Springs from the Springfield, Missouri area are located on Mississippian limestone, known as the
Burlington-Keokuk Formation. These springs were plotted on the Piper Diagram to compare
water type with those of the Big Four Springs (Figure 13). A clear deviation can be seen from the
limestone aquifer matrix of the Springfield aquifer of the Springfield Plateau compared to the
dolomite aquifer matrix of the Ozark aquifer of the Salem Plateau. These springs plot
predominantly as calcium-bicarbonate water type, which is expected from waters discharging
from limestone formations.

Calcite Saturation. Calcite saturation index provides insight to whether water will
deposit calcite or maintain it in solution. Calcite saturation data suggests that groundwater
emerging from Mammoth Spring and Hodgson Mill Spring likely spend more time reacting with
the aquifer rock than the waters at Big Spring and Greer Spring. Figure 14A shows in calcite
saturations indices at each spring location. The longer that the waters are in contact with the
aquifer rock and use up dissolved CO; the more saturated the groundwater becomes with respect
to calcite (Shuster and White, 1971). Since the waters are all undersaturated with respect to
calcite, the calcite saturation index suggests that the groundwaters are corrosive enough to

continue to dissolve the aquifer rock. Some factors that may explain these signatures are the
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relative distances that groundwater must move through from each springs’ recharge area. Dye
tracing data indicates that some dye paths ranged from 20 to 40 miles at each spring site and
provided times that dye detection peaked. Dye peaks were usually detected within one to two
weeks at Big Spring and Greer Spring and two to three weeks at Hodgson Mill Spring and
Mammoth Spring (Duley and Boswell, 2017).

Dolomite Saturation. Dolomite saturation mirrors the calcium saturation at each site
(Figure 14B). Mammoth Spring and Hodgson Mill Spring dolomite saturation is closer to the
mean and less varied compared to Big Spring and Greer Spring. Big Spring and Greer Spring
have relatively more variation. The differences are the result from the different lengths of time
the groundwaters are in contact with the dolomite rocks (Shuster and White, 1971). The lesser
time the groundwater was in contact with the aquifer rock at Big Spring and Greer Spring
resulted in dolomite indices that were further away from equilibrium. Dolomite saturation
indices from Mammoth Spring and Hodgson Mill Spring samples were twice as close to
equilibrium than Big Spring and Greer Spring. As previously stated, dye tracing data also
confirms the relative residence times of the groundwater that supplies each spring (Duley and

Boswell, 2017).

Statistical Analysis

Model One. Model one classified 100% of the unknown samples (8 of 8) from the Big
Four Springs dataset. This indicates that if an unknown sample were to be collected from any of
the Big Four Springs during the sampling period, there is a high probability that the unknown
sample could be classified correctly to its respective basin. The increase in classification

probability is likely due to the same number of samples collected at each spring at the Big Four
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Spring study area compared to a model with uneven number of samples. Different weights would
be needed to adjust the robustness of springs with fewer samples or uneven sample set sizes.
Although model one classified 100% of the unknown samples, cross-validation reveal that the
model does contain error. Figure 15 illustrates the group centroids of the model one. The spring
centroids reveals that there is overlap between Mammoth Spring and Hodgson and slight overlap
between Big Spring and Greer Spring. This suggests that unknown samples may be misclassified
in future projects. Figure 16 depicts the discriminant ability of model one by using the linear
discriminant scores from each spring site.

Model Two. Model two classified 88% (7 of 8) of the blind samples to their respective
spring location. The distance to each centroid for Hodgson Mill Spring and Mammoth Spring are
much closer compared to model one (Figure 17). Figure 18 demonstrates the overlap of the
discriminant scores of the model two. This indicates that although fewer variables can be used to
successfully develop a classification model, more error is expected. The classification model is
significant at determining blind water samples with a relatively high degree of accuracy in
comparison to the previous model (Lockwood, 2018). This is likely attributed with the previous

issue regarding uneven sample sizes and missing data.

General Discussion

Purpose One. It was noticeable during the data collection period that Big Spring and
Greer Spring were similar in chemistry as were Mammoth Spring and Hodgson Mill Spring.
Temperature, pH, conductivity, and alkalinity provided a preliminary field assessment in
distinguishing the similarities and the differences of each group of the Big Four Springs. This

study offers insight to potential contamination from human development. The chemical data in
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this study suggests that human development and agriculture do not negatively impact the water
quality of the Big Four Springs. Instead, the concentrations depict natural background
concentrations of the Ozark Aquifer in the Salem Plateau (Vineyard and Feder, 1974; Imes and
Emmett, 1994).

Purpose Two. This study also determined that the water discharging from the Big Four
Springs were not equilibrated with the aquifer rock. All the waters sampled from the Big Four
Springs were undersaturated with respect to calcite and dolomite indicating that these waters are
not precipitating calcite at the orifice of the springs and are corrosive enough to dissolve the
aquifer rock. There was an overall increasing trend in calcite saturation and dolomite saturation
as the sampling period moved closer to late summer/early fall.

This project was able to determine the water that issues from these four major springs is
calcium-magnesium-bicarbonate water type. The water type discharging from the Ordovician-
Cambrian dolomites of the Salem Plateau are different than the water type discharging from the
Springfield Plateau that discharges from the Springtield aquifer and out from Mississippian
Limestones.

Purpose Three. This study refined models that identified unique signatures in spring
water basins. The discriminant function analysis from SAS 9.4 was used to predict the
membership probability of a randomly selected unknown (blind) to each of the Big Four Springs.
Two models were developed and tested for accuracy and efficiency. The first in this study used
all ten constituents (pH, temperature, conductivity, alkalinity, Ca**, Mg®", N as NO, + NOs’,
S04*, Na*, and CI") used by Lockwood (2018). The first model was 100% accurate classifying 8
out of 8 unknown samples even with a 100% spring classification during calibration of the

model. The second factor analysis ran by Lockwood (2018) identified that pH, temperature,
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conductivity, alkalinity (bicarbonate), and chloride were the most significant variables in that
study. However, since the Big Four Springs are in a different region it was decided to use factor
analysis to establish principal predictor variables. The six variables identified were conductivity,
nitrogen, CI', Ca**, Mg?*, and Na*. Model two in this study revealed that six variables, if robust
enough, can still be used to develop a membership probability model using linear discriminant
analysis. Note that new models that are established to predict membership probability must be
screened to determine principle components unique to each study. This is especially true when
combining springs with different chemistries (i.e. the dolomite springs of the Big Four Springs
and the limestone springs from Springfield, Missouri).

The statistical analyses support the findings from Duley and Boswell (2017), that the Big
Four Springs have separate recharge areas. The chemical variables used in these analyses show
that the Mohalonobis distance matrix (Appendix B) shows that the each of the spring sites have a
level of significance that is < 0.0001. This is less than alpha (0.05) indicating that the chemical

variables in each spring group are significantly different (IBM SPSS, 2020).
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Figure 11: Nitrogen concentrations of the Big Four Springs during the sampling period.
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Figure 12: Conductivity variations of the water samples throughout the sampling period.
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Figure 13: Piper diagram representing groundwater type of the Big Four Springs and Springs in
located in Springfield, MO. Comparison data from Springfield, MO, is from Lockwood (2018).
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Model one canonical discriminant functions
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Figure 15: Graphically represents the discriminant ability of model one using all ten variables.
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of model one.
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Model two canonical discriminant functions
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Figure 17: Graphically represents the discriminant ability of model two
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Mg**, and Na" as predictor variables.

45



CONCLUSION

The baseline chemistry evaluated in this study shows that the chemical signatures are
consistent with the Ozark aquifer chemistry found in the region (Vineyard and Feder, 1974; Imes
and Emmett, 1994; Schumacher and Kleeschulte, 2010). The water sample data provided
insights into the quality of the water being discharged from the four spring sites. In this case,
waters discharging from each of the four spring sites are safe to use when comparing the
inorganic concentration limits set forth by the Missouri Drinking Water Standards and the EPA
Safe Drinking Water Standards. This information is helpful where many southern Missouri
residents are already using groundwater from the region.

The degree of calcite and dolomite saturation were determined based on the water
chemistry and using PHREEQC. The waters discharging from all four springs sites were
undersaturated with respect to calcite and dolomite, indicating that the springs are not in
equilibrium with the aquifer rock. The data suggests that the groundwater discharging from the
Big Four Springs can dissolve the aquifer rock.

The Mg?*/Ca>" ratios at each spring site are near one. There are minor differences in
Mg?*/Ca*" ratios between each spring site indicating that the groundwater recharge, which is
mostly dedicated to each spring, occurs in dolomite rocks that are overall geochemically similar.

A linear discriminant analysis using SAS 9.4 was used to develop two classification
models. The study confirmed that using ten samples from each spring site along with all ten
variables (pH, temperature, conductivity, alkalinity, Ca**, Mg?", N as NO, + NOs", SO4>, Na",
and CI") is robust enough to reveal that the water chemistries at each site are significantly

different than one another. It also confirmed that 100% of the blind samples 8 of 8 were correctly
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identified. These findings support dye tracing and groundwater monitoring done by Duley and
Boswell (2017), which indicated that although there may be overlapping dye traces, most of the
groundwater that discharges at the Big Four Springs are from independent recharge areas
dedicated to each spring site. A second discriminant analysis model (conductivity, nitrogen, CI,
Ca?*, Mg?", and Na") used six of the ten variables which was also robust enough differentiate
each spring site. The model was 88% (7 of 8) accurate in correctly identifying blind samples to

their respective spring locations when dropping 40% of the predictor variables.
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FUTURE WORK

It is recommended that additional studies include testing for bacteria, viruses, and other
organics before the groundwater in the region is to be used for drinking purposes. Statistical
refinement is needed to increase the overall accuracy of the classification model. This requires
more water samples from each site to establish a more robust classification of each spring or
basin studied. It is recommended that each spring or spring basin should have the same number
of samples to reduce overlap of linear discriminant scores. This may require collecting more
samples at each site to better delineate each spring location. This could increase the accuracy of

the model for sites with fewer samples if uneven samples were collected.
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Date Location Cu K Ni A% Mn Ba Zn Ti Sn
(ug/L) (mg/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L)

6/2/2019 Big Spring 0.75 1.02 <5 <1 <5 29.7 3.38 3.65 10.7

Greer Spring 1.49 1.71 <5 <1 0.52 34 5.02 1.74 8.58

Hodgson Mill Spring 0.63 2.24 <5 <1 <5 68.8 3.46 2.84 1.75

Mammoth Spring 0.61 2.09 <5 <1 1.66 41.3 17.8 4.43 1.87

6/15/2019 Big Spring 2.85 1.29 2.88 <1 0.95 30.7 7.95 2.28 3.46

Greer Spring 0.66 1.63 2.11 1.35 <5 34.5 2.47 2.87 0.25

Hodgson Mill Spring 0.58 2.18 2.51 <1 0.78 40.1 2.78 5.11 291

Mammoth Spring 1.36 2.24 32 <1 1.85 35.8 4.12 2.14 4.72

6/30/2019 Big Spring <0.50 <0.1 <0.50 <1 <0.50 30.6 1.47 8.54 2.65
Greer Spring <0.50 0.59 <0.50 <1 2.87 36.6 0.88 5.73 <0.50

Hodgson Mill Spring <0.50 1.03 <0.50 <1 <0.50 41.1 2.82 10.1 1.27

Mammoth Spring <0.50 1.38 <0.50 <1 1.23 36.3 2.68 12.2 1.27

7/13/2019 Big Spring <0.50 <0.1 <0.50 <1 <0.50 31.7 1.6 8.64 1.72
Greer Spring <0.50 0.4 <0.50 <1 <0.50 36.7 2.1 8.43 <0.50

Hodgson Mill Spring <0.50 0.78 <0.50 <1 <0.50 41.4 3.11 8.83 0.94

Mammoth Spring <0.50 0.94 <0.50 <1 1.31 36.7 3 12.1 2.4

7/20/2019 Big Spring <0.50 <0.1 <0.50 <1 <0.50 31.8 2.15 9.64 2.95
Greer Spring <0.50 0.39 <0.50 <1 <0.50 36.7 2.08 8.61 <0.50

Hodgson Mill Spring <0.50 0.63 <0.50 <1 <0.50 41.1 2.9 9.67 1.96

Mammoth Spring <0.50 0.78 <0.50 <1 1 36.3 2.57 11.4 5.8
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Date Location Cu K Ni \% Mn Ba Zn Ti Sn
(ug/L) (mg/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L)
7/27/2019 Big Spring <0.50 0.79 2.46 <1 <0.50 31.9 1.45 14.6 <0.50
Greer Spring 4.93 1.3 2.36 <1 <0.50 37.6 2.14 14 0.91
Hodgson Mill Spring <0.50 1.53 2.82 <1 <0.50 41.7 2.98 17.8 2.49
Mammoth Spring <0.50 1.66 3.06 <1 0.85 36.6 2.42 16.2 4.04
8/24/2019 Big Spring 2.31 0.69 0.63 1.18 <0.50 31.8 4.04 <5 <0.50
Greer Spring <0.50 1.25 <0.50 <1 <0.50 37.3 3.14 <5 <0.50
Hodgson Mill Spring 0.62 1.43 <0.50 2.67 <0.50 40.5 4.33 <.5 <0.50
Mammoth Spring 2.69 1.6 0.84 <1 1.77 38 7.82 <.5 3.17
9/7/2019 Big Spring <0.50 0.67 1.82 1.39 <0.50 29.4 1.9 16.5 <0.50
Greer Spring <0.50 1.47 1.84 1.24 <0.50 64.6 5.68 16.5 1.2
Hodgson Mill Spring <0.50 2.1 2.06 1.23 <0.50 39.2 3.06 18.7 <0.50
Mammoth Spring <0.50 1.91 2.27 <1 0.99 34.1 2.67 20 6.3
9/28/2019 Big Spring <0.50 0.8 1.57 1.67 <0.50 28.1 1.16 16 <0.50
Greer Spring <0.50 1.47 1.65 2.56 <0.50 33.7 1.58 17.2 1.1
Hodgson Mill Spring <0.50 1.7 1.96 1.85 <0.50 37 2.4 19 <0.50
Mammoth Spring <0.50 1.75 2.05 1.54 0.81 32.7 2.18 19.6 5.76
10/13/2019 Big Spring <0.50 <0.1 2.13 <1 <0.50 29.2 1.25 17.6 <0.50
Greer Spring <0.50 0.79 2.27 <1 <0.50 35.2 1.47 17 <0.50
Hodgson Mill Spring <0.50 1.27 2.57 1.26 <0.50 41.9 3.14 19.6 <0.50
Mammoth Spring <0.50 0.98 2.76 <1 0.66 34.7 2.24 22.5 3.66
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Date Location pH Temp. Cond. Alk. Ca Mg Iron  Nitrogen  Sulfate Na Cl
O (uS/cm) ((I:Iilg(/:l?)3’ (mg/L) (mg/L) (ug/L) (mg/L) (mg/L) (mg/L) (mg/L)
6/2/2019 Big Spring 7.06 185 259 108 30.6 17.5 3.53 0.6 5.09 1.39 <1.5
Greer Spring 7.1 16.6 260 116 28.7 16.4 9.37 1.11 5.72 1.81 2.64
Hodgson Mill - 5e 195 340 170 37 21 4.97 1.97 6.51 2.44 5.08
Spring
Mammoth Spring ~ 6.98  19.8 389 177.8 44.7 24.8 4.91 1.64 7.06 2.73 4.58
6/15/2019 Big Spring 73 16.6 308 111 35.8 20.3 4.01 0.62 3.53 1.81 1.76
Greer Spring 705 154 290 88 32.7 18.9 5.94 1.17 4.03 1.71 2.5
Hodgson Mill =, \u 19 5 355 185 388 221 124 1.79 4.92 232 4.94
Spring
Mammoth Spring ~ 7.18  20.6 405 185 47 27 5.26 1.57 5.32 2.65 4.52
6/30/2019 Big Spring 726  19.8 319 76 35.6 215 <1 0.61 6.16 1.39 <15
Greer Spring 713 164 310 74 33.8 20.4 18.1 1.21 5.8 1.54 2.14
Hodgson Mill -, 14, 380 139 415 248 <1 1.85 7.77 2.8 5.53
Spring
Mammoth Spring ~ 7.16  21.4 394 168 44.4 26.2 5.38 1.57 5.76 2.22 4.42
7/13/2019 Big Spring 738 177 340 90 375 22.9 <1 0.6 <3.50 1.36 <1.5
Greer Spring 7.27 15.7 323 62 36.1 21.4 <1 1.14 4.32 1.57 <1.5
Hodgson Mill ¢ 154 408 251 454 264 <1 1.61 5.41 232 4.58
Spring
Mammoth Spring ~ 7.18  21.2 422 184 49.5 29.4 <1 1.44 5.44 2.29 3.04
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Date Location pH Temp. Cond. Alk. Ca Mg Iron Nitrogen  Sulfate Na Cl
. (CaCO3,
O (uS/cm) mg/L) (mg/L) (mg/L) (ug/L) (mg/L) (mg/L) (mg/L) (mg/L)

7/20/2019 Big Spring 73 189 360 133 39.8 23.6 <1 0.56 4.53 1.44 <15
Greer Spring 729  16.2 348 171 39.3 23.6 <1 1.09 <3.50 1.66 1.5
Hodgson Mill -, 74 405 137 44.6 26.1 <1 1.59 6.34 222 482

Spring
Mammoth Spring  7.08  19.7 432 215 51.7 292 <1 1.38 6.47 2.1 3.77
7/27/2019 Big Spring 737 163 356 88 39.7 22.7 14.8 0.62 <3.50 1.49 2.51
Greer Spring ~ 7.25 164 361 128 38.3 21.9 20.2 1.1 <3.50 1.59 3.75
HOng;r‘;EgM‘“ 733 184 416 230 46 25.9 16.7 0.62 5.96 2.16 528
Mammoth Spring  7.17 19 439 244 48.3 27.9 415 1.34 4.11 2.07 4.83
8/24/2019 Big Spring 729 157 370 241 38.2 23.1 2.05 0.63 <3.50 1.74 1.61
Greer Spring 72 157 360 155 38.9 23.4 <1 1.23 <3.50 1.66 2.56
Hodgson Mill ¢ 154 433 198 44.5 26.1 <1 1.64 4.29 2.13 521

Spring
Mammoth Spring 7.2 17.6 467 215 479 28.7 <1 1.38 5.29 2.09 3.86
9/7/2019 Big Spring 732 15.8 370 213 40.8 23.7 <1 0.55 <3.50 1.62 1.52
Greer Spring ~ 7.25 153 342 156 38.2 22 <1 1.19 <3.50 1.86 2.58
Hodgson Mill 5 164 397 202 4.7 24 <1 175 455 231 478

Spring
Mammoth Spring  7.16  17.4 437 201 475 27.1 1.61 1.31 3.85 2.04 3.42




LS

Date Location pH Temp. Cond. Alk. Ca Mg Iron Nitrogen  Sulfate Na Cl
°0) (uS/cm) ((I:Iilg(/:l?)3’ (mg/L) (mg/L) (ug/L) (mg/L) (mg/L) (mg/L) (mg/L)
9/28/2019 Big Spring 7.32 15.5 400 109 40.9 23.6 <1 0.5 3.86 1.62 2
Greer Spring 7.27 15.8 366 128 40.1 23 <1 1.17 4.11 1.72 2.55
Hodgson Mill =5 0 163 416 173 484 264 <1 1.57 5.62 2.1 5
Spring
Mammoth Spring ~ 7.21 18.2 438 148 49.9 28.7 <1 1.27 5.02 1.96 3.37
10/13/2019 Big Spring 7.38 14.3 367 186 39.9 23.5 <1 0.44 4.15 1.4 2.67
Greer Spring 7.4 13.8 374 81 39.2 23.5 <1 1.02 4.15 1.46 2.25
Hodgson Mill 7.31 13.6 444 201 45.9 26.6 <1 2.09 5.32 2.46 6.67
Spring
Mammoth Spring ~ 7.38 14.5 470 170 48.3 28.9 <l 1.1 4.88 1.76 3.03




Appendix B - Statistical Data
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Normal Q-Q Plot of Na
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SAS 9.4 Linear Discriminant Analysis Model One Output Model One
Squared Distance to Basin

From Basin Big Spring Greer Spring Hodgson Mill Spring Mammoth Spring
Big Spring 0 27.07637 97.01405 71.12383
Greer Spring 27.07637 0 29.38633 27.29814
Hodgson Mill Spring  97.01405 29.38633 0 10.41478
Mammoth Spring 71.12383 27.29814 10.41478 0

Prob > Mahalanobis Distance for Squared Distance to Basin Model One

From Basin Big Spring Greer Spring Hodgson Mill Spring Mammoth Spring
Big Spring 1.0000 <.0001 <.0001 <.0001
Greer Spring <.0001 1.0000 <.0001 <.0001
Hodgson Mill Spring <.0001 <.0001 1.0000 <.0001
Mammoth Spring <.0001 <.0001 <.0001 1.0000
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The DISCRIM Procedure
Classification Summary for Calibration Data: WORK.MODELONE
Cross-validation Summary using Linear Discriminant Function

Number of Observations and Percent Classified into Basin

From Basin Big Spring Greer Spring Hodgson Mill Mammoth Spring Total
Spring
Big Spring 8 0 0 0 8
100.00 0.00 0.00 0.00 100.00
Greer Spring 0 8 0 0 8
0.00 100.00 0.00 0.00 100.00
Hodgson Mill Spring 0 0 6 o) 8
0.00 0.00 75.00 25.00 100.00
Mammoth Spring 0 1 0 7 8
0.00 12.50 0.00 87.50  100.00
Total 8 9 6 9 32
25.00 28.13 18.75 28.13  100.00
Priors 0.25 0.25 0.25 0.25

Error Count Estimates for Basin

Big Spring Greer Spring Hodgson Mill Mammoth Spring Total

Spring
Rate 0.0000 0.0000 0.2500 0.1250 0.0938
Priors 0.2500 0.2500 0.2500 0.2500
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The DISCRIM Procedure
Classification Summary for Calibration Data: WORK.MODELONE
Cross-validation Summary using Linear Discriminant Function

Number of Observations and Percent Classified into Basin

From Basin Big Spring Greer Spring Hodgson Mill Mammoth Spring Total
Spring
Big Spring 8 0 0 0 8
100.00 0.00 0.00 0.00 100.00
Greer Spring 0 8 0 0 8
0.00 100.00 0.00 0.00 100.00
Hodgson Mill Spring 0 0 6 o) 8
0.00 0.00 75.00 25.00 100.00
Mammoth Spring 0 0 0 8 8
0.00 0.00 0.00 100.00  100.00
Total 8 8 6 10 32
25.00 25.00 18.75 31.25 100.00
Priors 0.25 0.25 0.25 0.25

Error Count Estimates for Basin

Big Spring Greer Spring Hodgson Mill Mammoth Spring Total

Spring
Rate 0.0000 0.0000 0.2500 0.0000 0.0625
Priors 0.2500 0.2500 0.2500 0.2500
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The DISCRIM Procedure
Classification Summary for Calibration Data: WORK.MODELONE
Cross-validation Summary using Linear Discriminant Function

Number of Observations and Percent Classified into Basin

From Basin Big Spring Greer Spring Hodgson Mill Mammoth Spring Total
Spring
Big Spring 8 0 0 0 8
100.00 0.00 0.00 0.00 100.00
Greer Spring 0 8 0 0 8
0.00 100.00 0.00 0.00 100.00
Hodgson Mill Spring 0 0 6 o) 8
0.00 0.00 75.00 25.00 100.00
Mammoth Spring 0 0 0 8 8
0.00 0.00 0.00 100.00  100.00
Total 8 8 6 10 32
25.00 25.00 18.75 31.25 100.00
Priors 0.25 0.25 0.25 0.25

Error Count Estimates for Basin

Big Spring Greer Spring Hodgson Mill Mammoth Spring Total

Spring
Rate 0.0000 0.0000 0.2500 0.0000 0.0625
Priors 0.2500 0.2500 0.2500 0.2500
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ID From Basin

25 Hodgson Mill
Spring

The DISCRIM Procedure

Classification Results for Calibration Data: WORK.MODELONE

Resubstitution Results using Linear Discriminant Function
Posterior Probability of Membership in Basin

Classified into Big Greer Hodgson Mill
Basin Spring Spring Spring
Mammoth * 0.0000 0.0000 0.1415
Spring

* Misclassified observation

The DISCRIM Procedure

Classification Results for Calibration Data: WORK.MODELONE
Cross-validation Results using Linear Discriminant Function

ID From Basin

24 Hodgson Mill
Spring

25 Hodgson Mill
Spring

Posterior Probability of Membership in Basin

Classified into Big Greer Hodgson Mill
Basin Spring Spring Spring
Mammoth * 0.0000 0.0000 0.0046
Spring
Mammoth * 0.0000 0.0000 0.0250
Spring

* Misclassified observation

The DISCRIM Procedure

Classification Results for Calibration Data: WORK.MODELONE
Cross-validation Results using Linear Discriminant Function

ID From Basin

24 Hodgson Mill
Spring

25 Hodgson Mill
Spring

Posterior Probability of Membership in Basin

Classified into Big Greer Hodgson Mill
Basin Spring Spring Spring
Mammoth * 0.0000 0.0000 0.3626
Spring
Mammoth * 0.0000 0.0000 0.0072
Spring

* Misclassified observation
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Squared Distance to Basin Model Two

From Basin Big Spring Greer Spring Hodgson Mill Spring Mammoth Spring
Big Spring 0 27.23572 103.39264 66.28622
Greer Spring 27.23572 0 33.29041 25.83871
Hodgson Mill Spring 103.39264 33.29041 0 11.86618
Mammoth Spring 66.28622 25.83871 11.86618 0

Prob > Mahalanobis Distance for Squared Distance to Basin Model Two

From Basin Big Spring Greer Spring Hodgson Mill Spring Mammoth Spring
Big Spring 1.0000 <.0001 <.0001 <.0001
Greer Spring <.0001 1.0000 <.0001 <.0001
Hodgson Mill Spring <.0001 <.0001 1.0000 0.0035
Mammoth Spring <.0001 <.0001 0.0035 1.0000
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The DISCRIM Procedure
Classification Summary for Calibration Data: WORK.MODELTWO
Cross-validation Summary using Linear Discriminant Function

Number of Observations and Percent Classified into Basin

From Basin Big Spring Greer Spring Hodgson Mill Mammoth Spring Total
Spring

Big Spring 8 0 0 0 8
100.00 0.00 0.00 0.00 100.00

Greer Spring 0 8 0 0 8
0.00 100.00 0.00 0.00 100.00

Hodgson Mill Spring 0 0 7 1 8
0.00 0.00 87.50 12.50  100.00

Mammoth Spring 0 1 1 6 8
0.00 12.50 12.50 75.00 100.00

Total 8 9 8 7 32
25.00 28.13 25.00 21.88 100.00

Priors 0.25 0.25 0.25 0.25

Error Count Estimates for Basin

Big Spring Greer Spring Hodgson Mill Mammoth Spring Total

Spring
Rate 0.0000 0.0000 0.1250 0.2500 0.0938
Priors 0.2500 0.2500 0.2500 0.2500
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The DISCRIM Procedure
Classification Summary for Calibration Data: WORK.MODELTWO
Cross-validation Summary using Linear Discriminant Function

Number of Observations and Percent Classified into Basin

From Basin Big Spring Greer Spring Hodgson Mill Mammoth Spring Total
Spring
Big Spring 8 0 0 0 8
100.00 0.00 0.00 0.00 100.00
Greer Spring 0 8 0 0 8
0.00 100.00 0.00 0.00 100.00
Hodgson Mill Spring 0 0 7 1 8
0.00 0.00 87.50 12.50  100.00
Mammoth Spring 0 0 1 7 8
0.00 0.00 12.50 87.50  100.00
Total 8 8 8 8 32
25.00 25.00 25.00 25.00 100.00
Priors 0.25 0.25 0.25 0.25

Error Count Estimates for Basin

Big Spring Greer Spring Hodgson Mill Mammoth Spring Total

Spring
Rate 0.0000 0.0000 0.1250 0.1250 0.0625
Priors 0.2500 0.2500 0.2500 0.2500
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The DISCRIM Procedure
Classification Summary for Calibration Data: WORK.MODELTWO
Cross-validation Summary using Linear Discriminant Function

Number of Observations and Percent Classified into Basin

From Basin Big Spring Greer Spring Hodgson Mill Mammoth Spring Total
Spring
Big Spring 8 0 0 0 8
100.00 0.00 0.00 0.00 100.00
Greer Spring 0 8 0 0 8
0.00 100.00 0.00 0.00 100.00
Hodgson Mill Spring 0 0 7 1 8
0.00 0.00 87.50 12.50  100.00
Mammoth Spring 0 0 0 8 8
0.00 0.00 0.00 100.00  100.00
Total 8 8 7 9 32
25.00 25.00 21.88 28.13  100.00
Priors 0.25 0.25 0.25 0.25

Error Count Estimates for Basin

Big Spring Greer Spring Hodgson Mill Mammoth Spring Total

Spring
Rate 0.0000 0.0000 0.1250 0.0000 0.0313
Priors 0.2500 0.2500 0.2500 0.2500
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24

33

40

ID

24
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ID

24

The DISCRIM Procedure

Classification Results for Calibration Data: WORK.MODELTWO
Cross-validation Results using Linear Discriminant Function

Posterior Probability of Membership in Basin

From Basin Classified into Big Greer Hodgson Mill
Basin Spring Spring Spring
Hodgson Mill Mammoth ® 0.0000 0.0000 0.0180
Spring Spring
Mammoth Hodgson Mill ® 0.0000 0.0000 0.7435
Spring Spring
Mammoth Greer Spring * 0.0000 0.6062 0.0028
Spring
* Misclassified observation
Classification Results for Calibration Data: WORK.MODELTWO
Cross-validation Results using Linear Discriminant Function
Posterior Probability of Membership in Basin
From Basin Classified into Big Greer  Hodgson Mill
Basin Spring Spring Spring
Hodgson Mill Mammoth * 0.0000 0.0000 0.0046
Spring Spring
Mammoth Hodgson Mill * 0.0000 0.0000 0.6094
Spring Spring
* Misclassified observation
The DISCRIM Procedure
Classification Results for Calibration Data: WORK.MODELTWO
Cross-validation Results using Linear Discriminant Function
Posterior Probability of Membership in Basin
From Basin Classified into Big Greer Hodgson Mill
Basin Spring Spring Spring
Hodgson Mill Mammoth * 0.0000 0.0000 0.0292
Spring Spring

* Misclassified observation
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Linear discriminant analysis model one run 1 output

ID # Actual Basin Placed Basin Correct?
20 Greer Spring Greer Spring Yes
27 Hodgson Mill Spring Hodgson Mill Spring Yes

8 Big Spring Big Spring Yes
7 Big Spring Big Spring Yes
23 Hodgson Mill Spring Hodgson Mill Spring Yes
34 Mammoth Spring Mammoth Spring Yes
38 Mammoth Spring Mammoth Spring Yes
12 Greer Spring Greer Spring Yes

Linear discriminant analysis model one run 2 output.

ID # Actual Basin Placed Basin Correct?
9 Big Spring Big Spring Yes
16 Greer Spring Greer Spring Yes
27 Hodgson Mill Spring Hodgson Mill Spring Yes
34 Mammoth Spring Mammoth Spring Yes
7 Big Spring Big Spring Yes
13 Greer Spring Greer Spring Yes

26* Hodgson Mill Spring Hodgson Mill Spring Yes
37 Mammoth Spring Mammoth Spring Yes




Linear discriminant analysis model one run 3 output

ID # Actual Basin Placed Basin Correct?

1 Big Spring Big Spring Yes
20 Greer Spring Greer Spring Yes
23 Hodgson Mill Spring Hodgson Mill Spring Yes
33 Mammoth Spring Mammoth Spring Yes

2 Big Spring Big Spring Yes
11 Greer Spring Greer Spring Yes
27 Hodgson Mill Spring Hodgson Mill Spring Yes
36 Mammoth Spring Mammoth Spring Yes

Linear discriminant analysis model two run 1 output

ID # Actual Basin Placed Basin Correct?

8 Big Spring Big Spring Yes
20 Greer Spring Greer Spring Yes
23 Hodgson Mill Spring ~ Hodgson Mill Spring Yes
34 Mammoth Spring Mammoth Spring Yes

7 Big Spring Big Spring Yes
12 Greer Spring Greer Spring Yes
27 Hodgson Mill Spring ~ Hodgson Mill Spring Yes
38 Mammoth Spring Mammoth Spring Yes
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Linear discriminant analysis model two run 2 output

ID # Actual Basin Placed Basin Correct?
9 Big Spring Big Spring Yes
16 Greer Spring Greer Spring Yes
26 Hodgson Mill Spring Hodgson Mill Spring Yes
34 Mammoth Spring Mammoth Spring Yes
7 Big Spring Big Spring Yes
13 Greer Spring Greer Spring Yes
27 Hodgson Mill Spring Hodgson Mill Spring Yes
8 Mammoth Spring Mammoth Spring Yes

Linear discriminant analysis model two run 3 output

ID # Actual Basin Placed Basin Correct?
1 Big Spring Big Spring Yes
11 Greer Spring Greer Spring Yes
23 Hodgson Mill Spring ~ Hodgson Mill Spring Yes
33 Mammoth Spring Hodgson Mill Spring No
2 Big Spring Big Spring Yes
20 Greer Spring Greer Spring Yes
27 Hodgson Mill Spring ~ Hodgson Mill Spring Yes
8 Mammoth Spring Mammoth Spring Yes
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Date Sample ID Spring Name Mahalanobis Distance P-value

6/2/2019 1 Big Spring 5.34758 0.8668
6/15/2019 2 Big Spring 2.48304 0.9911
6/30/2019 3 Big Spring 2.19886 0.9946
7/13/2019 4 Big Spring 2.18864 0.9947
7/20/2019 5 Big Spring 2.01945 0.9962
7/27/2019 6 Big Spring 1.84245 0.9974
8/24/2019 7 Big Spring 1.98106 0.9965
9/7/2019 8 Big Spring 1.98106 0.9965
9/28/2019 9 Big Spring 3.72653 0.9588
10/13/2019 10 Big Spring 3.44811 0.9688
6/2/2019 11 Greer Spring 5.71283 0.8388
6/15/2019 12 Greer Spring 3.258 0.9747
6/30/2019 13 Greer Spring 2.01043 0.9963
7/13/2019 14 Greer Spring 1.16386 0.9997
7/20/2019 15 Greer Spring 0.30931 1
7/27/2019 16 Greer Spring 0.1136 1
8/24/2019 17 Greer Spring 0.13881 1
9/7/2019 18 Greer Spring 0.51187 1
9/28/2019 19 Greer Spring 0.04321 1
10/13/2019 20 Greer Spring 0.22023 1
6/2/2019 21 Mammoth Spring 5.40935 0.8622
6/15/2019 22 Mammoth Spring 2.82708 0.9852
6/30/2019 23 Mammoth Spring 2.39774 0.9923
7/13/2019 24 Mammoth Spring 0.83914 0.9999
7/20/2019 25 Mammoth Spring 0.7428 1
7/27/2019 26 Mammoth Spring 0.76707 0.9999
8/24/2019 27 Mammoth Spring 1.45956 0.9991
9/7/2019 28 Mammoth Spring 1.4541 0.9991
9/28/2019 29 Mammoth Spring 0.8388 0.9999
10/13/2019 30 Mammoth Spring 4.09497 0.943
6/2/2019 31 Hodgson Mill Spring 0.94056 0.9999
6/15/2019 32 Hodgson Mill Spring 0.67865 1
6/30/2019 33 Hodgson Mill Spring 0.62887 1
7/13/2019 34 Hodgson Mill Spring 0.77851 0.9999
7/20/2019 35 Hodgson Mill Spring 1.14326 0.9997
7/27/2019 36 Hodgson Mill Spring 1.50963 0.9989
8/24/2019 37 Hodgson Mill Spring 3.20408 0.9762
9/7/2019 38 Hodgson Mill Spring 1.45216 0.9991
9/28/2019 39 Hodgson Mill Spring 1.57988 0.9987
10/13/2019 40 Hodgson Mill Spring 4.55487 0.9189
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